The double photoionization of HI molecules has been investigated using vacuum ultraviolet synchrotron radiation in the energy range between 27 and 35 eV. The product ions have been detected by the use of time-of-flight mass spectrometry and the threshold energy for HI 2+ and H + +I + formation has been determined. These results have been interpreted by the use of a theoretical model which has been previously applied by us to HBr 2+ and HCl 2+ . On the basis of the reliability of such a model, an assessment of the systematic trends of the bond features along the HX 2+ ͑X = F, Cl, Br, I͒ homologous series is given in this paper. In particular, the increase of the stability of these dications, in their lowest electronic states, when going towards the heavier molecules, has been rationalized considering the systematic variation of the charge transfer coupling between the H -X 2+ and the H + -X + states.
INTRODUCTION
Molecular dications are of interest as minority constituents in laboratory plasmas, astrophysical environments, and the ionosphere. In order to understand the nature of their interatomic bond, it is very useful to characterize those molecular features that depend on the selective role of the interatomic forces by integrating experimental and theoretical information. Among the diatomic dications, the doubly charged hydrogen halides, HX 2+ ͑X =F,Cl,Br,I͒, show some interesting features: one of the two atomic partners does not exist asymptotically as a dication, with a considerable simplification in the description of the interaction components. Moreover, the two limiting configurations, H + ...X + and H...X 2+ , whose coupling originate the metastability of the dication, are not significantly affected by the usual shortrange two-electron chemical bonding forces. In fact, in the former configuration the H + proton is without electrons, while in the latter the two electrons are on atomic levels with a large energy separation.
Several experimental and theoretical investigations suggested that, while HF 2+ is unstable, the other HX 2+ dications, where X = Cl, Br, and I, show an increased stability when going towards the heavier halogens. In particular, the Auger spectrum of HF has been reported 1 about 20 years ago and later on some theoretical studies 2-4 have shown that HF 2+ does not have any metastable state. The HCl 2+ dication is probably the most studied in the series: double ionization of HCl by electron impact, 5, 6 by charge stripping, 7 by double charge transfer, 8 and by vacuum ultraviolet ͑vuv͒ photoionization 9 have been reported.
Auger, 10 photoion-photoion coincidence, 11 and thresholdphotoelectron coincidence [12] [13] [14] ͑TPEsCO͒ spectra have been also measured. The HCl 2+ dication has been also characterized by high-resolution infrared spectroscopy 15 and several theoretical investigations 8, 14, [16] [17] [18] [19] provided the characterization of the potential-energy curves for the low-lying electronic states of HCl 2+ . The appearance potentials for HBr 2+ have been measured by electron impact 6, 20 and by photoionization mass spectrometry. 21 ͑TOF-PEPECO͒ study of the double photoionization of HBr that provided the energy spectrum of the first three electronic states of the dication, in good agreement with previous results. The HI 2+ is the less studied in the series of the hydrogen halide molecules. The double ionization by electron impact 6, 20 and the Auger spectra 28 were early reported, while photoelectron-photoelectron coincidence ͑PEPECO͒, 29 TPEsCO, 30 and TOF-PEPECO ͑Ref. 31͒ spectra provided a rather good characterization of the energy levels of this dication.
In order to complete the experimental information about this last dication and to have a general view of the systematics in the series, in the present paper we report on a double photoionization appearance potential study of the hydrogen iodide molecule by the use of a synchrotron light source. The study has been carried out in the photon energy range from 27 to 35 eV. Among the three possible photoionization reactions,
it has been possible to characterize rather well the threshold energy for the reaction ͑1͒ and to observe the onset of the reaction ͑2͒. In the investigated photon energy range, we did not observe any signal due to reaction ͑3͒. It is interesting to note that, while the thresholds from electron spectroscopy are related with the formation of specific states of the nascent dication, the present results can provide the energy thresholds for the final ions. A theoretical study of the involved interatomic potentialenergy curves is then reported. Such a study has been carried out by using a model calculation developed in our laboratory and already applied to HCl 2+ and HBr 2+ dications. 18, 24 The theoretical results have been compared with the TPEsCO spectrum 30 recently reported for the hydrogen iodide dication. Finally, on the basis of the theoretical calculations and experimental results, available to date, we make an attempt to rationalize the systematic trend of the features of HX 2+ doubly charged ions along the homologous series, in terms of the nature of interaction components in HX 2+ bond.
EXPERIMENTAL DETAILS AND RESULTS
The experiment has been performed at the Gas Phase Photoemission beam line in the Elettra Synchrotron Laboratory in Trieste ͑Italy͒. A description of the beam line and the end station is given elsewhere. 32 Only the features relevant to the present experiment are schematically described here.
The synchrotron light beam is energy selected using a 400 l / mm spherical grating in first diffraction order. The entrance and exit slits of the monochromator have been adjusted in order to have a resolution of about 1.8 meV in the investigated 27-35 eV photon energy range. To avoid spurious ionization effects due to photons of higher-order energy, a magnesium film filter was used.
An effusive molecular beam of HI crosses the synchrotron monochromatic light beam at right angles. The product ions are extracted from the crossing volume and analyzed by the use of a time-of-flight mass spectrometer coupled with coincidence electronics. The molecular-beam effusive source consists of a needle where gaseous HI is introduced, after appropriate pressure reduction, from a glass reservoir kept at about 255 K by a cryostatic device. During the experiment, the pressure of HI in the source has been adjusted in order to have a total gas pressure in the ionization region in the range of 10 −4 Pa. The pure HI has been prepared, just before the experiment, directly at the inlet line, by dropping a 57% aqueous solution of HI over solid P 2 O 5 , and collecting the anhydrous vapor in a liquid N 2 cooled trap. The photoionization mass spectrum has been recorded in order to check the HI purity. The entire device used for the pure HI preparation was in glass, kept in the dark, and with pipes and valves in Teflon, to avoid the photolytic and catalytic decomposition of HI on metal surfaces.
The incident photon flux and gas pressure have been monitored and stored in separate acquisition channels. Ion yields have been then corrected for pressure and photon flux changes while varying the photon energy.
Two grids, placed at both sides of the beam crossing volume, generate an electric field that extracts electrons towards the channel electron multiplier, and ions into the mass spectrometer. The time-of-flight spectrometer used in the present study is based on the conventional Wiley-McLaren design 33 and has been used in previous experiments on HCl and HBr double photoionization from this laboratory. 9, 21 Mass spectra were recorded using photoelectrons as a start, then ions were counted as a function of the delay time. A computer controlled all the experiment components and also recorded experimental data.
As it has been already done in our previous experiments on HCl and HBr, the reaction ͑2͒ has been studied by recording H + and I + ions produced in the same ionization event in coincidence.
In Fig. 1 , the intensity of HI 2+ ions arising from the photoionization reaction ͑1͒ and measured as a function of the photon energy is reported. The arrow in the figure indicates the energy of 29.15 eV found by Yencha et al. 30 in the TPEsCO spectrum of hydrogen iodide as the threshold energy for the formation of the X 3 ⌺ 0 ground state of HI 2+ . The comparison suggests that the agreement between the present experimental result and the observation of Ref. 30 is very good.
The number of H + /I + coincidences, indicating the photoionization reaction ͑2͒, is reported in Fig. 2 . In this case the number of counts is very low, with a large statistical error. Nevertheless, it appears that the counts roughly emerge from the base line approximately after 32 eV. The signal should be more intense at higher photon energy, but we have been unable to continue the measurement over 35 eV because of the limited beam time allowed for the experiment. However, the data clearly show that the Coulombic explosion reaction ͑2͒ is a very minor channel, suggesting again a high metastability of HI 2+ .
THEORETICAL CALCULATION
An extensive theoretical study of the energetics and structure of HI 2+ in the lowest accessible electronic states, performed using a semiempirical method previously introduced by Teixidor et al., 18 and the comparison with available experimental results is very useful for an appropriate characterization of the system. Such an analysis, when the other HX 2+ systems are included, also provides an explanation of the changes in the characteristics of the HX 2+ dications when going from the lightest component of the series towards the heavier ones.
As discussed in our previous papers, 18, 26 for the use of our semiempirical method it becomes necessary to consider the nature of the interatomic potential operative in the two limiting configurations of HX 2+ , namely, the first one asymptotically leading to H and X 2+ and the other one to H + and X + 
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atomic partners. In the first case, the interaction potential, V 1 , is described as a combination of dispersion and induction attractions and size effect repulsion, while in the second case the interatomic potential, V 2 , depends on an electrostatic contribution, due to the Coulomb repulsion and chargequadrupole attraction or repulsion, combined with an induction attraction. These two limiting configurations, which originate a manifold of states with different symmetry, 18, 26 are coupled by charge transfer, a crucial component associated to the partial mobility of the more external electron within the diatom. An important step towards the full characterization of the system requires the building up of the interaction potential-energy matrix. We reduce the dimensionality of the problem by neglecting spin-orbit effects and taking into account that only the two states closest in energy-among those of equal symmetry-have to be considered as effective for the coupling. Under these assumptions, the potentialenergy matrix block diagonalizes, and each block can be written as
where V 1 and V 2 ͑see above͒ represent the diabatic interaction potentials for states of well-defined symmetry, asymptotically correlating, respectively, with H -X 2+ and H + -X + , ␤ is the charge transfer coupling, and R is the internuclear distance. The eigenvalues E ± ͑R͒ are the adiabatic energies, given by ͑omitting explicit reference to the R dependence͒
where ⌬V = ͉V 1 − V 2 ͉. Explicit functional forms, suggested by the analysis of the leading interaction components and used to represent the V 1 and V 2 potentials and the ␤ coupling have been already extensively discussed. 18, 26 The basic potential parameters have been predicted by the use of correlation formulas, [34] [35] [36] [37] [38] [39] given in terms of fundamental physical properties of the two separated atomic partners, such as charge, polarizability, and ionization potential.
All the potential parameters related to this system are listed in Table I and for the explicit analytical functions used for the potential-energy curves, the reader is referred to Ref. 18 and the Appendix of Ref. 26 . The potential-energy curves for the low-lying electronic states, as provided by our method, are plotted in Fig. 3 . Since the 1 ⌸ and 3 ⌸ states are not bound, for clarity they are not reported in that figure. The results of the present calculation are in good agreement with the experimental findings reported in the previous section.
DISCUSSION
As already stressed for HCl 2+ and HBr 2+ cases, 18 ,26 the present approach clarifies how the characteristics of the interaction potential originate. Moreover, since the interaction potential-energy curves are given here as analytical functions, one has also the advantage that many features of the molecular dication, such as the double photoionization energy thresholds, vibrational levels with their spacing, average lifetimes, and Franck-Condon ͑FC͒ factors can be easily evaluated. These evaluations have been carried out by using the LEVEL 7.5 code by Le Roy. 40 The energy, the FC factors, and the lifetimes against predissociation of the vibrational levels for the first three electronic states of HI 2+ are listed in Table II , while the threshold energies are compared with TPEsCO data 30 and previous calculations 30 in Table III . It has to be noted that, as already mentioned above, in our calculation the spin-orbit coupling contribution has been omitted. However, the levels given in Table III have split by 0.18 eV ͑Ref. 30͒ to allow for the spin-orbit interaction for comparison with experimental results and previous calculations.
The agreement of the present data with the experimental results is very good for the X 3 ⌺ ground state of the HI 2+ dication, while for the other two electronic states the threshold energies are slightly overestimated by our method, as it has been already observed previously in the case of HBr 2+ . 24, 26 In Fig. 1 the present mass-spectrometric HI 2+ threshold is compared with the prediction by our theoretical model and with the TPEsCO value 30 both indicated by one arrow, since they are indistinguishable. In Fig. 2 , the predicted threshold for reaction ͑2͒ is also marked by an arrow. This value corresponds to the v = 8 vibrational level of the ground X 3 ⌺ state ͑see Table II͒ , which is the lowest one exhibiting a lifetime shorter than the characteristic detection time ͑Ͻ10 −5 s͒ of our experiment. 21 The relevant FC factor ͑see again Table II͒ also suggests a low probability for the formation of this level.
From the comparison with the experimental data, the model appears to be reliable and therefore it is now appropriate to analyze the effect of the interaction components on the systematic trends along the homologous series. For completeness we have calculated, by the use of the same method, the potential-energy curves also for the HF 2+ , whose potential parameters are reported in Table IV . As already stressed above, no metastable states are possible for this dication [1] [2] [3] [4] and our theoretical result confirms such an observation.
In Fig. 4 , the potential-energy curves for the 3 ⌺ ground state of the four dications are plotted together, with the energy scale shifted in such a way to have all the metastable potential minima at the zero value, except for HF 2+ , where the zero-energy value has been set to the point where the second derivative vanishes. It is interesting to observe that, while HF 2+ does not exhibit a metastable state barrier, for the other dications the barrier increases when going towards the heavier members of the series. This explains very well the fact that the coulombic explosion leading to two atomic ions observed during the double photoionization of HX, 9,21 just above the threshold, becomes less important when moving to HI.
With the present calculation for HF, we have a system- . In order to better quantify the role of the charge transfer, in Fig. 5 we report the V 1 − V 2 term and, in the figure inset, the ␤ term, both as a function of the internuclear distance for the four dications. Actually, as it is evident from equation ͑5͒, these two terms are relevant for the stabilization of the dication in its metastable states. In the figure the distances around the metastable potential minima are shaded, indicating the region where such terms are more important for the metastabilization. In Fig. 6 we report the V 2 − E − term, which represents the bond stabilization due to the charge-transfer contribution. In the figure the plots refer only to the 3 ⌺ state, although for the other two metastable states, 1 ⌬ and 1 ⌺, they are very similar and are not shown for clarity.
All these figures show that for HF 2+ the charge transfer plays only a perturbative role, since the ␤ strength is attenuated by the large V 1 − V 2 energy gap. When going towards HI 2+ , ␤ slightly increases in strength while the V 1 − V 2 energy gap significantly decreases, confirming the importance of careful balancing of the various interaction components in determining the features of these metastable doubly charged ions.
CONCLUSION
The double photoionization of HI molecules has been investigated by using vuv synchrotron radiation in the energy range between 27 and 35 eV. The product ions have been detected by the use of time-of-flight mass spectrometry for HI 2+ from reaction ͑1͒, and by H + +I + coincidence measurements for the Coulombic explosion reaction ͑2͒. The first threshold energy has been found in good agreement with previous experimental investigations by the use of TPEsCO technique. 30 The results have been interpreted exploiting a theoretical model that we have previously applied also to HBr 2+ and HCl 2+ . 18, 24 The reliability of such a model in describing the experimental findings allowed us to study the systematic trends of the features of the interatomic bond along the HX 2+ homologous series, for the low-lying electronic states. In particular, the increase of the metastability of these dications when going from X =F to X = I has been well rationalized in terms of the systematic variation of the bond stabilization effect produced by the charge-transfer coupling between the H-X 2+ and the H + -X + states.
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